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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOT€C D-1559 

EFFECT OF COMPOSITION ON COMBUSTION 

OF SOLID PROPELLANTS DURING A 

W I D  PRESSURE DECIiEASE 

By C a r l  C. Ciepluch 

SUMMARY 

The response of sol id-propel lant  combustion t o  a pressure t r a n s i e n t  w a s  
s tud ied  i n  an apparatus t h a t  could be vented at  a va r i ab le  r a t e .  The p r inc ipa l  
measurement was  t h e  time required f o r  t h e  pressure t o  decrease t o  one-half i t s  
i n i t i a l  value. The da ta  a re  presented and discussed i n  terms of -rY t h e  maximum 
value of t h e  time requi red  t o  ext inguish combustion. The value of T w a s  de- 
creased by an increase i n  aluminum or  ammonium perchlorate  concentration and was 
increased by an increase i n  binder concentration. 
p a r t i c l e  s i z e  of ammonium perchlorate  r e su l t ed  i n  a decrease i n  T. The addi t ion  
of aluminum oxide produced a decrease i n  t h e  value of -cy while t h e  addi t ion  of 
potassium f l u o r i d e  increased it. 

An increase i n  t h e  average 

The r e s u l t s  i nd ica t e  t h a t  t h e  ease w i t h  which sol id-propel lant  combustion 
may be extinguished i s  s t rongly  dependent on physical  f a c t o r s  such as t h e  average 
s i z e  and t h e  thermal conduct ivi ty  of s o l i d  p a r t i c l e s  contained i n  t h e  propel lant .  
Analysis of t h e  r e s u l t s  suggested t h a t  ho t -par t ic le  r e t e n t i o n  a t  t h e  surface of 
t h e  propel lan t  was a major cause of t h e  continuance of combustion i n  a r ap id ly  
decreasing pressure f i e l d .  An examination of t h e  da t a  a l s o  ind ica ted  no cor re la -  
t i o n  between T and t h e  propel lant-s t rand burning r a t e .  

INTRODUCTION 

An i nves t iga t ion  i s  being conducted at  t h e  Lewis Research Center on t h e  be- 
havior of sol id-propel lant  flames during pressure t r a n s i e n t s .  The i n i t i a l  phase 
of t h i s  inves t iga t ion  has been concerned with t h e  point  where t h e  flame i s  ex t in-  
guished as a r e s u l t  of a pressure decay t r ans i en t .  Reference 1 s t a t e s  t h a t  t h e r e  
i s  a d i s c r e t e  r a t e  of pressure decay above which a sol id-propel lant  flame cannot 
e x i s t  and i s  consequently extinguished. Although t h e  flame may disappear momen- 
t a r i l y  below t h i s  r a t e  of pressure decay, the  combustion process recovers and 
continues at a new s teady-s ta te  r a t e .  This r epor t  dea ls  with t h e  e f f e c t  of pro- 
pe l l an t  composition on t h e  pressure decay r a t e  requi red  t o  j u s t  ext inguish com- 
bustion. Propel lant  composition var iab les  such as binder type and concentration, 



oxidizer p u t i c l e  s i z e  and concentration, and various i n e r t  or reac t ive  addi t ives  
wpre st,iid i ed . 

The experimental apparatus was the same as t h a t  described i n  d e t a i l  i n  r e f -  
erence 1. The propellant charge was a slab 3 by 5 by 1 inch. 
chamber ( f i g .  1) t h a t  contained a nozzle encased t h e  propellant.  
chamber vent w a s  used t o  decrease the  chamber pressure suddenly. 
pressure was one- th i r t ie th  of atmospheric pressure. The r a t e  at  which t h e  cham- 
ber pressure diminished was  varied by varying t h e  s i z e  of t h e  vent o r i f i c e .  
measure the  var ia t ion  i n  chamber pressure, a high-frequency-response pressure 
transducer w a s  employed, and t h e  var ia t ion of combustion luminosity was measured 
when required through a quartz window. 

A rectangular 
A quick-opening 
The venting 

To 

Water-cooled 
pressure transducer- 

/-/ 
Figure 1. - Combustion-chamber assembly. 

Since t h e  r a t e  of chamber-pressure decrease var ied during t h e  venting 
process, i t  w a s  convenient t o  represent t h e  r a t e  of pressure change by t h e  
length of time required t o  produce a given change i n  pressure. This time A t  
w a s  defined as t h e  length of time required t o  reduce t h e  chamber pressure F by 



50 percent .  
At;  t h a t  i s ,  

The r a t e  of pressure change w a s  therefore  inverse ly  proport ional  t o  

m50 1 P - = - -  
At 2 At 

The maximum value of At for which combustion i s  j u s t  extinguished i s  ca l l ed  z 
and it was found by a cut-and-try process. 
t o  bracket  T t o  within It3 percent f o r  each propel lant  composition. 

A minimum of fou r  runs was required 

TABLE I. - PROPELLANT COMPOSITIONS AND COMBUSTION CHAFiACTWISTICS 

Binder Oxidizer Additive Strand burning 
rate r (at 

500 lb / sq  in. abs), 
in./sec 

(b) 

K n 

Jeight 
2ercent 

Jeight 
sercent 

Blend, 
percent 
(4 

Jeight 
Iercent 

?BAAC 24.8 
18.8 
13.8 
18.8 
18.8 

18.8 
13.8 
18.8 
18.8 
18.8 

15.8 

15.8 

15.8 

15.8 

75 
81 
86 
79 
72 

72 
76.6 
65 
72 
72 

81 

81 

81 

81 

70 C, 30 F 
70 C, 30 F 
70 C, 30 F 
70 C ,  30 F 
77 C, 23 F 

7 0  C, 30 F 
7 0  C, 30 F 
85 C, 15 F 

100 F 
100 c 

70 C, 30 F 

70 C, 30 F 

70 C, 30 F 

70 C, 30 F 

-------- 
-------- 
-------- 
Aluminum 
Aluminum 

Aluminum 

1 
Alumlnum 

oxide 

Aluminum 
oxide 

Potassium 
fluoride 

Potassium 
f luoridc 

(F) 

( 0  

(F) 

( c )  

----- 
-e--- 

----- 
2 
9 

9 
9.4 
16 
9 
9 

3 

3 

3 

3 

0.2207 
.2632 
.355 
.278 
.2 63 

---- 
.310 
.2413 
.643 
.246 

.364 

.387 

.315 

.319 

0.00585 
.0593 
,0745 
.0447 
-0324 

----- 
,0155 
.0395 
.0364 
.00432 

-0457 

.0603 

'0654 

,0330 

0.584 
.240 
.251 
.294 
.337 

- --- 
e 482 
-2915 
.462 
.650 

.334 

.299 

.253 

.365 

19.0 72 77 C, 23 F Aluminum 9 ---- PUd 

"Coarse, C; fine, F. 
"Burning rate r = KP , where K is a constant, P is pressure, and n is the burning-rate 

CEpoxy-cross-linked copolymer of butadiene and a carbox;rlic monomer. 

'A polyurethane. 

n 

exponent. 

contained approximately 0.2 percent magnesium oxide. ) 
(All PBAA propellants 
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A l i s t i n g  of t h e  propel lant  c o q o s i t i o n s  t h a t  were invest,igat,ed. is show- in 
t a b l e  I. Two propel lant  binders were used i n  t h i s  invest igat ion;  one (PBAA) w a s  
an epoxy-cross-linked copolymer of butadiene and a carboxylic monomer, and t h e  
other  (PU) w a s  a polyurethane. The -onium perchlorate  oxidizer  consis ted of a 
blend of f i n e  and coarse powders, as noted i n  table  I. The f i n e  ammonium per- 
chlorate  powder had a 50-percent-weight average p a r t i c l e  s i z e  of l l m i c r o n s ,  
while t h e  coarse ammonium perchlorate averaged 89 microns. The SO-percent-weight 
average p a r t i c l e  s i z e  of t h e  aluminum powder add i t ive  w a s  6.7 microns. Anhydrous 
aluminum oxide powders had 50-percent-weight p a r t i c l e  s i z e s  of 5 and 64 microns 
for f i n e  and coarse blends, respectively.  
microns for t h e  f i n e  blend and 110 f o r  t h e  coarse. Pa r t i c l e - s i ze  d i s t r i b u t i o n s  
were obtained with a micromerograph. Included i n  t a b l e  I are values of burning 
r a t e  r determined for each propellant i n  a conventional s t r a n d  burner at a 
pressure of 500 pounds per  square inch absolute.  
constant K and t h e  burning-rate exponent n calculated from t h e  equation 
r = e, where P 
pounds per  square inch absolute.  

The potassium f l u o r i d e  averaged 6.6 

Also given a r e  values of t h e  

i s  t h e  chamber pressure, which was varied from 400 t o  1000 

RESULTS 

A comparison of t y p i c a l  measured and calculated pressure decay t r a n s i e n t s  
t h a t  were obtained by a sudden increase i n  nozzle discharge a rea  i s  shown i n  f i g -  
ure 2.  Pressure t r a n s i e n t s  for two cases were calculated by t h e  method given i n  

d 

\ 
m 

5 

Time from onset of 

Calculated; with 
combustion 

Y 

1 

0 .005 .010 .015 -020 .025 -030 .035 
pressure transient, sec 

(a )  Combustion extinguished a f t e r  pressure (b) Combustion continued af te r  pressure drop. 
drop. 

Figure 2. - Comparison of measured and calculated pressure decay transients. 
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t h e  appendix. 

i n  chamber gas mass and pressure until ambient pressure w a s  reached. 
second case,  it w a s  assumed t h a t  combustion occurred during t h e  pressure t r an -  
s i en t  at a r a t e  consis tent  with the  pressure dependence observed with t h e  s t rand  
burner u n t i l  a new equilibrium pressure w a s  reached. Thus, t h e  calculated pres- 
sure  decay t r ans i en t s  represent t h e  extremes i n  pressure v a r i a t i o n  t h a t  should be 
encountered. It can be seen t h a t  t h e  measured pressure t r a n s i e n t s  f e l l  within 
these calculated l i m i t s .  The difference between the  measured r a t e  of decay and 
t h a t  calculated f o r  continued combustion ind ica tes  t h a t  t he  propel lant  burning 
r a t e  was somewhat lower than the  normal steady-state r a t e  during the  pressure 
t r ans i en t .  It can a l s o  be seen t h a t  a reduction i n  burning r a t e  was obtained 
during t h e  ear ly  s tages  of t h e  pressure drop whether t h e  propel lant  w a s  eventu- 
a l l y  extinguished or not ,  Similar qua l i ta t ive  r e s u l t s  were obtained with other 
propellant compositions. This interference with t h e  propel lant  burning r a t e  i s  
i n  accord with the  reduction i n  gas-phase chemical r a t e  t h a t  was indicated i n  t h e  
inves t iga t ion  of reference 1 by a sharp drop i n  combustion luminosity during t h e  
e a r l y  phase of t h e  pressure drop. This propellant-burning-rate response t o  r a p i d  
pressure decrease i s  probably pa r t ly  responsible  for t h e  reduction i n  burning 
r a t e  t h a t  has been observed at  t h e  pressure antinode during o s c i l l a t o r y  combus- 
t i o n  ( r e f s .  2 and 3) .  

In  one case,  it w a s  assumed t h a t  no combustion or m a s s  addi t ion 
bLaIlblcl,t. m,’ .. n h ” r r 1  +oil occurred during t’ne prsss.i;e L----- - 2  ^.^ 

LllLL13 A L . L ) U I v b - u  ir: 9 c ~ c t i ~ 7 ~ ~ 1 ~ ~  d P c r P 8 P  

I n  t h e  

The e f f ec t  of i n i t i a l  chamber pressure on a f o r  an aluminized and a non- 
aluminized propel lant  i s  shown i n  f igure 3. The value of a was r e l a t i v e l y  

r I I I I I 1 I I I 
0 Combust ion e x t i n g u i s h e d  

Combust ion c o n t i n u e d  

Prop e l l  a n t  composi t i  on ,  
p e r c e n t  

I I I -  Ammonium v e r c h l o r a t e .  81: 
PBAA, 19 ( c u r v e  f a i r e d ‘  
t h r o u g h  d a t a  p o i n t s )  

Ammonium p e r c h l o r a t e , . 7 2 ;  
e, aluminum, 9; PBAA, 1 9  
k ( c u r v e  r e p l o t t e d  f rom i-tc --- r e f .  1) 

.005 
3 
m 
W 
b o  
D + W  

k 
m - .  
P O  

rn 

Ea 

Chamber p r e s s u r e ,  l b / s q  i n .  abs 

F i g u r e  3. - Comparison of e f f e c t  o f  chamber p r e s s u r e  
on maximum time r e q u i r e d  t o  r e d u c e  chamber  p r e s -  
s u r e  50 p e r c e n t  and  e x t i n g u i s h  combus t ion ,  T, f o r  
a l u m i n i z e d  and n o n a l u m i n i z e d  p r o p e l l a n t .  
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i n sens i t i ve  t o  chamber pressure,  as evidenced by t h e  moderate decrease with in-  
creasing chamber pressure and t h e  l e v e l i n g  off at higher pressures .  
l a n t s  showed similar t r ends .  

Both propel- 

The influence of aluminum and ammonium perchlorate  concentration on T i s  
shown i n  f igu re  4. A sharp reduct ion i n  T was  noted as t h e  concentration of 
ammonium perchlorate was  increased by replacing binder (constant  aluminum concen- 
t r a t i o n ) .  
nium perchlorate concentration constant)  a l s o  sharply reduced T. The added 
aluminum had a s l i g h t l y  g rea t e r  e f f e c t  t han  t h e  ammonium perchlorate ,  par t icu-  
larly as the concentration of ammonium perchlorate  w a s  increased. A reduct ion i n  
binder concentration by adding e i t h e r  aluminum o r  ammonium perchlorate  r a i s e d  t h e  
flame temperature of t h e  p rope l l an t .  
temperature l i n e s  i n  f i g u r e  4.  A t r e n d  of decreasing T with increasing flame 
temperature w a s  suggested f o r  t hese  da ta .  

Adding aluminum t o  t h e  propel lant  by replacing binder (holding ammo- 

This i s  indicated by t h e  constant-gas- 

60  7 0  80 90 
Ammonium pe rch lo ra t e  con- 

cen t r a t ion ,  percent  

Figure 4 .  - E f f e c t  of  aluminum 
and ammonium pe rch lo ra t e  con- 
cen t r a t ion  on maximum time 
required t o  reduce chamber 
pressure  50 percent  and ex- 
t inguish  combustion T.  
Chamber p re s su re ,  500 pounds 
per square inch abso lu te .  

Coarse ammonium pe rch lo ra t e ,  percent  

1 
100 80 60  40 20 0 

Fine  ammonium pe rch lo ra t e ,  pe rcen t  

F igure  5.  - E f f e c t  of ammonium pe rch lo ra t e  p a r t i c l e  
s i z e  on maximum time r equ i r ed  t o  reduce chamber 
p re s su re  50 percent  and ex t ingu i sh  combustion, T .  
Chamber p re s su re ,  500 pounds per  square  inch  abso- 
l u t e ;  p r o p e l l a n t  composition, percent :  ammonium 
pe rch lo ra t e ,  72; aluminum, 9; PBAA, 1 9 .  

The influence of average ammonium perchlorate  p a r t i c l e  s i z e  on T i s  shown 
i n  f i g u r e  5 .  Average p a r t i c l e  s i z e  w a s  va r i ed  by blending coarse (89-micron) 
ammonium perchlorate powder with a f i n e r  (11-micron) powder. The value of r 
w a s  increased aboui 48 percent as t h e  average p a r t i c l e  s i z e  w a s  decreased by 
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changing from a 70-percent-coarse - 30-percent-fine blend t o  a 100-percent-fine 
powder. 

t h e  oxidizer  p a r t i c l e  s i z e  s ign i f i can t ly  influenced t h e  degree of aluminum ag- 
glomeration occurring on t h e  propellant surface.  Therefore, it i s  uncertain 
whether t h i s  influence on T w a s  due t o  ox id izer  p a r t i c l e  s i z e  exclusively o r  
whether it was associated with aluminum agglomeration. 

No s ign i f i can t  e f f e c t  was  apparent between a 70-percent-coarse - 
SG-pcr~e~ t - f ine  b l e ~ d  a ~ d  3 ~ ! X - ~ ~ ~ C ~ Z ~ - C G G , Z - G ~  ~ G T - ~ E T .  E ~ f e r ~ ~ e  4 s t ~ t ~ s  that 

Ammonium 3 
perchlorate 

Aluminum 3 

A comparison w a s  a l s o  made between two types of binders:  an epoxy-cross- 
l inked  copolymer of butadiene and a carboxylic monomer (€’BAA) and a polyurethane 
(PV). The measured values  of T a t  a chamber pressure of 500 pounds per square 
inch absolute  f o r  a propel lan t  containing 72 percent ammonium perchlorate ,  9 per- 
cent aluminum, and 1 9  percent of  e i the r  PBAA o r  RJ binder ( t a b l e  I) were 0.0038 
and 0.0037 second, respec t ive ly .  The apparent insens i t iveness  of T t o  binder 
type was probably a r e s u l t  of t h e  r e l a t i v e l y  similar physical  and chemical char- 
a c t  er i s t i c s of compo s it e - t y-pe binder s. 

0.0033 

0.00325 

The e f f e c t  of s eve ra l  propel lant  components and addi t ives  on T i s  ind i -  
cated i n  table 11. 
and 1 9  percent PBAA binder was used as a basis for comparison. 

A propel lant  composition of 81 percent ammonium perchlorate  
The various 

Aluminum 
oxide ( f i n e )  

Potassium 
f luoride 
(coarse) 

Potassium 
f luoride 
( f ine )  

TABLE 11. - EFFECT O F  SEVERAL 

PROPELLANT COMpomENTs 

ON .ra 

3 0.00265 

3 0.0037 

3 0.0051 

S u b z r e  adFi ; I t  1 T, sec 
reference propellant 

percent 

Al4lnum I 3 10.00255 

(coarse) 

Percent 
change 
from 

reference 
propellant 

0 

-15 

-17 

-35 

-32 

-5 

+31 

%%ximum time required t o  reduce chamber 
pressure by 50 percent and extinguish 
combustion. 

bReference propellant: 81 percent amo- 
nium perchlorate; 19  percent PBAA binder 
plus additive.  
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components were added t o  t h e  propellant by reducing t h e  binder concentration. 
The addi t ion  of ammonium perchlorate,  aluminum, or  aluminum oxide s ign i f i can t ly  
decreased a .  Conversely, it can be concluded t h a t  t h e  addi t ion  of binder with 
respect  t o  these components W i l l  increase 7 .  Aluminum oxide produced t h e  
l a r g e s t  decrease (35 percent) and showed a s m a l l  e f f e c t  on p a r t i c l e  s i z e .  Only 
t h e  addi t ion  of f i n e l y  ground potassium f luo r ide  caused any increase i n  z, t h a t  
i s ,  any reduct ion i n  t h e  chamber-pressure decay r a t e  requi red  t o  extinguish com- 
bust ion.  

DISCUSSION OF RESULTS 3 
Since a wide va r i a t ion  i n  energy content or  flame temperature w a s  encoun- 

t e r ed  when propel lant  composition w a s  var ied,  it was i n t e r e s t i n g  t o  observe 
whether any co r re l a t ion  between flame temperature and z exis ted .  It w a s  
noted t h a t  a n  increase i n  aluminum o r  ammonium perchlorate  concentration de- 
creased z and, a t  t h e  same time, increased the  flame temperature. The addi t ion  
of aluminum oxide o r  an increase i n  t h e  p a r t i c l e  s i z e  of t h e  ammonium perchlorate  
a l so  diminished T subs t an t i a l ly ,  but  would not be expected t o  change t h e  flame 
temperature. Preliminary r e s u l t s  with a very high flame temperature double-base 
propel lant  have shown t h a t  z was very high. The contradictory nature  of t hese  
r e s u l t s  precludes conclusions concerning any r e l a t i o n  between z and flame t e m -  
perature;  however, these  observations do ind ica t e  t h a t  f a c t o r s  other  than  flame 
temperature exerted a grea te r  influence on T.  

Variation i n  propel lan t  composition a l s o  l e d  t o  considerable va r i a t ion  i n  

d id  not revea l  any apparent r e l a t ion .  
propel lant  -s t rand burning rat e ,  but a comparison of t h e  i n i t i a l  propel lant  burn- 
ing r a t e  (at  500 lb /sq  i n .  abs)  with 
A similar conclusion was  evident i f  an average value of t h e  burning r a t e  f o r  t h e  
range of pressure va r i a t ion  encountered (500 t o  approx. 100 lb /sq  in .  abs) was  
considered. Accordingly, it w a s  concluded t h a t  t h e  propel lan t  burning r a t e  o r  
t h e  burning-rate exponent n does not s ign i f i can t ly  a f f e c t  t h e  extinguishing 
process. 

a 

The mechanism by which aluminum oxide influences t h e  extinguishing process 
probably i s  physical  r a the r  than  chemical by reason of i t s  high chemical sta- 
b i l i t y .  
e f f ec t  on z. This addi t ive  was  the only one (except f o r  t h e  binder)  t h a t  showed 
any tendency t o  increase T ,  t h a t  is, make ex t inc t ion  eas i e r .  A s t rong  e f f e c t  of 
potassium f luo r ide  p a r t i c l e  s i z e  was indicated by t h e  l a r g e r  T -ralue t h a t  re- 
su l t ed  from t h e  smaller p a r t i c l e  s ize .  
T may be t h e  r e s u l t  of t he  chemical i nh ib i t i ng  e f f e c t  postulated f o r  a l k a l i -  
metal  ha l ide  salts i n  reference 5. 

Adding potassium f luo r ide  t o  t h e  propel lant  produced an i n t e r e s t i n g  

The influence of potassium f luo r ide  on 

The e f f e c t s  of propel lant  composition on T can be explained q u a l i t a t i v e l y  

The au to igni t ion  temperature va r i e s  from 450' t o  650' F f o r  a wide $1 i n  terms of t h e  behavior of propellant surface temperature during t h e  decay 
process. 

ported t o  be approximately 1800° F ( r e f .  6 ) .  
range of propel lan ts .  Local surface temperature during s teady combustion i s  r e -  i 

It appears p laus ib le ,  therefore ,  t o  
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assume t h a t  ex t inc t ion  w i l l  occur when the  venting r a t e  is s u f f i c i e n t l y  high t o  
reduce t h e  surface temperature by 1200' t o  1400' I?. ,According t o  reference 7, a 
heat  balance at  t h e  surface of t h e  propellant illdstrates t h e  f a c t o r s  t h a t  influ- 
ence t h e  su r face  temperature during steady burning: 

where m is t h e  average m a s s  burning r a t e ,  Cs i s  t h e  average propel lant  heat 
capacity,  Ts i s  t h e  i n i t i a l  temperature, 

Qs i s  t h e  average heat  of pyrolysis  of t h e  propel lant  (negative f o r  an endother- 
mic process),  hg i s  t h e  com- 
bust ion temperature, and L i s  t h e  flame thickness  (defined as t h e  d i s t ance  from 
t h e  propel lant  surface t o  t h e  point  where t h e  r e a c t i o n  i s  completed). The r i g h t  
s i d e  of t h e  equation r ep resen t s  t h e  heat conducted from t h e  combustion products 
t o  t h e  propel lant  surface,  while t h e  l e f t  s i d e  r ep resen t s  t h e  heat required t o  
heat  and g a s i f y  the  propel lant  components. 
t h a t  t h e  feedback of hea t  from t h e  combustion process must be in t e r rup ted  during 
t h e  venting process i n  order t o  cool the surface of t h e  propellant.  
crease i n  t h e  heat conduction r e s u l t s  from t h e  reduct ion i n  gas combustion t e m -  
perature  T, due t o  t h e  expansion; however, t h i s  reduct ion i s  r e l a t i v e l y  small, 
even f o r  l a r g e  changes i n  pressure,  and consequently any s u b s t a n t i a l  e f f e c t  on 
t h e  heat t r a n s f e r r e d  must come from an abnormal increase i n  flame thickness.  It 
i s  the re fo re  assumed t h a t  t h e  flame thickness L must be an inverse func t ion  of 
A t  ( t i m e  t o  reduce chamber pressure 50 percent);  then as i s  decreased, t h e  
flame thickness  w i l l  increase and thereby diminish t h e  heat  conducted t o  t h e  sur- 
face .  
sorbed during continued pyrolysis  of the ho t  binder because t h e  only component of 
t h e  propel lant  t h a t  pyrolyzes endothermically (negative Qs) is t h e  binder.  The 
decomposition of t h e  ammonium perchlorate during t h e  pressure t r a n s i e n t  i s  as- 
sumed t o  be exothermic s ince  it i s  self-sustaining,  as indicated i n  reference 8. 
Therefore, t h e  higher t h e  binder concentration, t h e  g rea t e r  t h e  heat absorption 
capaci ty  of t h e  decomposition products. Thus a smaller disturbance i n  heat con- 
duction ( l a r g e r  T) should be required t o  decrease t h e  surface temperature below 
i t s  au to ign i t ion  point.  
conclusion s ince  it w a s  observed t h a t  higher binder concentrations increased T .  

It i s  a l s o  apparent t h a t  heated p a r t i c l e s  a t  t h e  propel lant  surface such as 
aluminum and aluminum oxide w i l l  have varying cooling r a t e s .  
w i l l  cool more slowly because of i t s  r e l a t i v e l y  poor thermal conductivity and 
should, t he re fo re ,  r equ i r e  a smaller value of z t o  extinguish combustion. It 
w a s  found t h a t  T w a s  lower f o r  propellants containing aluminum oxide than for 
those containing equivalent quan t i t i e s  o f  aluminum. The p a r t i c l e  s i z e  w i l l  a l s o  
a f f e c t  i t s  ra te  of cooling as wel l  as the length of time t h e  p a r t i c l e  remains 
attached t o  t h e  propel lant  surface.  Thus, among p a r t i c l e s  heated t o  t h e  same 
temperature, T 

coo l  more slowly and w i l l  remain i n  contact with t h e  propel lant  longer. This 

!) i s  t h e  average surface temperature, To 

i s  t h e  average thermal conduct ivi ty  of t h e  gas, T, 

It can be seen from t h i s  equation 

Some de- 

At 

The cooling of t h e  surface w i l l  then r e s u l t  pr imari ly  from t h e  heat  ab- 

The experimental r e s u l t s  are i n  agreement with t h i s  

Aliuninum oxide 

$1 
'1 t r e n d  w a s  observed experimentally. 

should be smallest  f o r  the l a r g e s t  p a r t i c l e s  because they  w i l l  
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SUMMARY OF RESULTS 

The effect of variation in propellant composition on the extinction of com- 
bustion by a rapid pressure decrease was substantial. 
components such as aluminum, ammonium perchlorate, and aluminum oxide were in- 
creased, the propellant was more difficult to extinguish, whereas the binder and 
finely ground potassium fluoride produced an opposite effect. 
which solid-propellant combustion may be extinguished was strongly dependent on 
physical factors such as the average particle size and the thermal conductivity 
of solid particles contained in the propellant. Examination of the data also in- 
dicated no significant correlation between extinguishability and propellant burn- 
ing rate. 

When the concentrations of 

The ease with 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, September 22, 1962 
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APPENDIX - METHOD OF CALCULATING CHAMBER-PRESSURE DECAY 

The v a r i a t i o n  of chamber pressure w i t h  time can be represented by the  rei- 
lowing d i f f e r e n t i a l  equation: 

dP RT dm 
d t  - V d t  
- - - -  

where P i s  t h e  chamber pressure,  t i s  time, R i s  t h e  gas constant,  T i s  t h e  
absolute  gas temperature, V i s  volume, and m i s  chamber gas mass. This equa- 
t i o n  neglects  t h e  s m a l l  change i n  chamber volume with t ime r e s u l t i n g  from combus- 
t i o n  of t h e  propel lant  and assumes t h a t  the  gas temperature remains constant.  
The r a t e  of change of m a s s  
combustion minus the  r a t e  of mass discharge. 
t o  

dm/dt i s  equal t o  t h e  r a t e  of mass addi t ion  due t o  
The r a t e  of m a s s  addi t ion is equal 

where r i s  t h e  propel lant  burning r a t e ,  p is t h e  propel lant  densi ty ,  S i s  t h e  
burning surface area,  and K and n a r e  constants.  The r a t e  of m a s s  discharge 
through a sonic flow nozzle is  equal t o  

where 4 is  t h e  nozzle flow area,  CD i s  the nozzle discharge coef f ic ien t ,  g 
i s  a conversion constant,  and y i s  t h e  r a t i o  of spec i f i c  heats .  Subs t i tu t ion  
of these  r e l a t i o n s  i n  t h e  expression f o r  dm/dt y i e l d  

In tegra t ion  over t he  range P t o  Po ( t h e  i n i t i a l  pressure when t = 0) gives 
the  r e l a t i o n  

- -  ‘DA~ pl-n 
t =- -+ log  v 1  e t  .) 

RT C&. n - - -  
KPS 

The v a r i a t i o n  of chamber pressure with time without mass addi t ion can be 
represented by t h e  d i f f e r e n t i a l  equation 
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where t h e  ad iaba t ic  temperature r e l a t i o n  has been assumed and t h e  subscr ipt  
refers t o  i n i t i a l  o r  s t a r t i n g  conditions. 

0 
I n  t h i s  case, 

Theref ore ,  

Subs t i tu t ion  fo r  t h e  nozzle  discharge coef f ic ien t  

and subs t i t u t ion  of t h e  adiabat ic  r e l a t ion  f o r  t he  chamber gas temperatwe 
give 

T 

In tegra t ion  with Po = P when t = 0 r e s u l t s  i n  t h e  f i n a l  expression 

For t h e  case t h a t  considers combustion during t h e  pressure drop t h e  accuracy 
of the ca lcu la t ion  i s  g rea t e s t  f o r  high chamber pressures  s ince  t h e  burning rate 
w a s  extrapolated f o r  pressures  below 400 pounds per square inch absolute.  This 
extrapolat ion probably accounted for par t  of t h e  observed differences between 
measured and ca lcu la ted  terminal equilibrium pressures  f o r  conditions t h a t  did 
not ext inguish t h e  propel lant  burning. 
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